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ABSTRACT
The global concern for climate change and the goal for energy independence
are major drivers of the deepening penetration of distributed energy resources
(DERs) — which include renewable resources (RRs), demand response re-
sources (DRRs), and energy storage resources (ESRs). However, the deepen-
ing penetration of RRs is often limited by the inability and unwillingness of
bulk grid operators to expand their transmission grids. The intermittencies
associated with RRs and the exacerbated flexibility requirements are some of
the key challenges that hinder their deployment. The absence of a su cient
inventory of dispatchable resources such as DRRs and ESRs integrated into
bulk electric grids further aggravates these concerns.
Therefore, there is a market shift to DERs integrated into the distribu-
tion grids for the provision of energy, capacity and ancillary services in bulk
electric power systems. These resources are largely integrated into distribu-
tion grids and may participate in retail or utility programs; therefore, they
represent an untapped potential at the bulk electric grid level. The entry of
these resources as potential participants in the bulk electricity markets en-
hances the opportunities for clean energy utilization, broadens the scope of
wholesale market competition and expands the range of customer options on
their source of electricity. In order to harness their outputs for the provision
of bulk electric grid services, the notion of resource aggregation serves as the
primary modality by which small DERs may be harnessed as part of an ag-
gregation to provide services that are palpable to the bulk system operator.
Resource aggregation provides a platform for DERs to participate in whole-
sale electricity markets, as in the case of DRRs and vehicle-to-grid (V2G)
mechanisms. Such distributed control actions for DERs also help overcome
the market barriers that previously hindered their participation. The e↵ec-
tive utilization of DERs in bulk electricity markets also creates a good scope
for their wide scale deployment, creates new revenue streams that defray
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the returns on their investments, helps transmission system operators com-
ply with their operational objectives and defer additional capacity expansion
investments.
Recognizing these benefits of harnessing DERs in bulk electric grid op-
erations, the Federal Energy Regulatory Commission (FERC) took a major
step forward when it approved the 2016 California Independent System Op-
erator (CAISO) initiatives for its DER provider framework and ESR tari↵
revisions, which collectively remove barriers for DER participation, estab-
lish a framework for the provision of bulk electric grid services by DER
aggregations (DERAs), and attempt to modify the treatment of ESRs in its
wholesale markets. As an aftermath of these decisions, FERC also issued a
notice of proposed rulemaking (NOPR) to extend these decisions to all the
organized wholesale electricity markets in the U.S., as per individual market
regulations. These exemplary moves are harbingers of future energy policy
initiatives that redefine the role of DERs (particularly ESRs) and modify
their treatment in electricity markets.
In this thesis, we present the development of a conceptual multi-layer
framework for the simulation and analysis of issues that must be addressed
to allow the smooth integration of DERAs into bulk electric grids and their
associated wholesale electricity markets. We analyze the salient characteris-
tics of the DERA paradigm and describe the various entities involved. The
proposed framework may be implemented as a vehicle to quantify the im-
pacts of the interactions between the various market players, and gain valu-
able insights to understand how DERs may be harnessed for the provision of
services other than those that were originally intended. The DERA may be
treated as an abstraction of the virtual power plant (VPP) concept. Under
the DERA paradigm, distribution microgrids and community DER projects
may participate in the provision of bulk grid services. We assess the role of
a new market entity – the DERA operator (DERAO) – who serves as the
market participant on behalf of the DERA and helps the transmission system
operator maintain the supply-demand balance around the clock. We discuss
the role of the DERAO in the DERA scheduling operations to provide bulk
grid services and participate in the associated markets. We also investigate
via case studies the key opportunities and challenges for DERA participation
in wholesale electricity markets that may be of interest in energy policy and
in the evolution of new business models for DER aggregation strategies.
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CHAPTER 1
INTRODUCTION
The global concern for climate change is a major driver of the deepening
penetration of distributed energy resources (DERs)–which includes renew-
able resources (RRs), demand response resources (DRRs), energy storage
resources (ESRs), and other embedded generation units–in electric power
grids. In addition to supply-side resources, the inclusion of demand-side re-
sources provides multiple degrees of freedom to bulk electric grid operators in
the maintenance of the balance between electricity supply and demand. The
issues surrounding global warming, accompanied by a rising need for decar-
bonization in bulk grids, have prompted numerous countries across the world
to take appropriate actions to reduce carbon emissions and work toward the
development of renewable portfolio standards to harness clean energy gener-
ation to meet their electricity needs. Energy independence is a key indication
of a nation’s economic growth; therefore, the global pursuit to achieve energy
independence via sustainable energy policies is a key driver of the deepen-
ing penetration of DERs to reap the associated economic and environmental
benefits. The technological advancements and breakthroughs further accel-
erate the deployment of DERs as they drive down DER prices and provide
attractive options to electricity consumers. As a result of these environmen-
tal and technological drivers, DERs are becoming increasingly a↵ordable to
customers, and they present numerous benefits to both the customer and the
electric grid.
A major challenge to the integration of RRs in electric grids is the in-
ability and unwillingness of transmission owners to invest in the expansion
of transmission networks to accommodate additional power injections from
intermittent resources. The long planning horizon for transmission system
planning further deters the ability of bulk grid operators to expand transmis-
sion grids to allow the integration of large-scale RRs. As bulk transmission
grid expansion reaches a point of saturation, transmission network conges-
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Figure 1.1: Mismatch of wind generation and system load in ERCOT
during the week of 17-24 August, 2011
tion is also exacerbated with the addition of new generation units. Therefore,
it becomes cost-prohibitive to build more generation or expand transmission
networks to integrate RRs into bulk transmission networks.
Another important concern regarding RRs is their intermittent nature,
which makes it di cult to facilitate their integration into bulk electric grids.
The intermittency of RRs often leads to their curtailment (spillage), which
undermines their value to the system operator. It is also noted that RRs
may not track the system demand at all times, as shown in Figure 1.1. The
absence of a suitable inventory at the bulk grid level for the storage of RR
outputs is a serious deterrent to their e↵ective utilization in bulk electric
grids.
The deepening penetration of RRs in bulk electric grids also exacerbates
the flexible ramping requirements and necessitate additional expensive re-
serves for the preservation of electric system reliability. The fast ramping
units and reserve requirements result in an increased dependence on fossil-
fired combustion turbine units, which are ine cient, expensive and polluting
by nature. As the RR penetration deepens in bulk electric grids, the resulting
flexibility needs are exacerbated, as described in the so-called “duck curve”
in CAISO [1]. A direct consequence of increased flexibility requirements is
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Figure 1.2: Variation of net system load and system average LMP in
CAISO’s grid on November 9, 2015
the increase in system locational marginal prices (LMPs). Figure 1.2 demon-
strates the variation of the hourly LMP in the CAISO system on November
9, 2015 with the associated ramping requirements. The deepening RR pene-
trations, if not suitably planned or coupled with controllable resources, may
result in renewable energy curtailments to reduce supply-side volatility and
increases the system operator’s dependence on fossil-fired generators, which
subsequently drives up the prices for the electricity customers. As the RR
penetration deepens, the volatility in the electricity prices in intra-day peri-
ods would be exacerbated, which is an undesirable consequence.
Because of the intermittency and intractability of RR outputs, bulk grid
operators often resort to the import of electric power from neighboring sys-
tems and tie-line interconnections. The power imports are usually required
during the peak demand hours or when system reliability is jeopardized, and
there is a consequent increase in the wholesale electricity prices to the buyers
in the market [2]. This is a key issue in electric power grids with deepening
RR penetrations, such as in California. In regions with isolated electric grids
(such as in Alaska and Hawaii), there is an increased dependence on fossil-
fired units due to inavailability of power imports during periods of low RR
generation. The average electricity prices in these states are subsequently
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much higher than in other states [3]; and these situations are observed in
similar grids around the world. The RR outputs are generally unable to
track the system demand during critical peak hours, and therefore the sys-
tem operator resorts to the option of either importing electric power from
neighboring systems or turning on expensive and ine cient generation units.
These issues together create excellent opportunities for the deployment
of dispatchable DERs (such as DRRs and ESRs) in the provision of bulk
electric grid services [2, 4–6]. The RRs may be coupled with DRRs and
ESRs so that their outputs may be smoothed for the immediate provision of
services, or stored for the provision of grid services when they are required.
This arrangement also enhances the harnessing of clean energy resources, and
accelerates the deployment of DERs to help meet the ambitious renewable
portfolio standards (RPS), such as in Hawaii. The deepening penetration
of RRs may be further encouraged by federal, state and utility incentives
that encourage the deployment of dispatchable DERs for local distribution
services. These DERs are largely integrated into distribution networks, and
currently represent an untapped potential for the provision of bulk electric
grid services.
Consequently, there is an interest in the creation of an appropriate modal-
ity to achieve the harnessing of DERs for the provision of bulk electric grid
services and allow DERs to participate in the associated wholesale electricity
markets. These resources help address the issues surrounding bulk electric
grid reliability and provide electricity services at competitive prices. The
e↵ective harnessing of DERs for bulk electric grid services also displaces ex-
pensive and polluting fossil-fired generation units, thus limiting the risk of
price volatility to the buyers in the wholesale electricity markets. However,
there currently exist numerous barriers to their engagement in the provision
of bulk electric grid services and participation in the wholesale electricity
markets. These barriers are on the grounds of the minimum eligible resource
size of 0.5 MW in the U.S. wholesale electricity markets, the lack of suitable
platforms or business models to form homogeneous aggregations of DERs to
provide bulk grid services, and the absence of an embedding environment for
the transfer of DER outputs to serve the needs of the bulk power system.
The transition away from utility net-metering programs and the introduction
of new rate structures (including demand charges and dynamic pricing pro-
grams) further create opportunities for the deployment of DERs and their
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harnessing for bulk power system services. The creation of new revenue
streams for DERs via wholesale market participation defrays the return on
their investments, and enhances their utilization for the provision of services
other than the ones that were intended.
The Federal Energy Regulatory Commission (FERC), in recognition of
the benefits that DERs o↵er, has regularly endorsed their inclusion for the
provision of bulk electric grid services in the U.S. organized wholesale electric-
ity markets, and directed fair compensation mechanisms for these resources
to reflect the value they bring to electric power systems [7–9]. Under the di-
rectives of these Orders, transmission-connected RRs, aggregations of DRRs,
utility-scale ESRs and other eligible resources may participate in the provi-
sion of bulk electric grid services in the United States. Currently, only a
limited subset of clean energy resources are eligible to participate in the pro-
vision of bulk electric grid services because of the numerous barriers and the
lack of a suitable mechanism in place to harness the outputs of numerous
distribution-connected DERs that may also serve the needs of the bulk elec-
tric grid. The notion of resource aggregation [10, 11] serves as a suitable
mechanism to harness the DER outputs for the provision of useful electricity
services, and make them palpable to the bulk electric grid operator.
In the United States, California and New York are strong proponents of
DERs and seek to harness them e↵ectively to meet their bulk electric grid
needs. With the deepening penetration of RRs in California, there is a grow-
ing need for dispatchable resources that facilitate their integration and help
address the exacerbated system reserve requirements and flexibility needs.
To this end, the 2010 CPUC push for utility-scale ESR deployment [12]
and the introduction of the demand response auction mechanism in 2015
are some of the initiatives that spur the deployment and procurement of
DERs for the provision of bulk electric grid services. These DERs are ag-
gregated under their corresponding load-serving entities. To further harness
distribution-connected resources, CAISO developed its 2016 “DER provider”
and “Energy Storage and Distributed Energy Resource” initiatives [13, 14],
which proposed suitable participation mechanisms for DERs in its wholesale
electricity markets and modify the treatment of ESRs to better recognize
their diverse capabilities. These initiatives create a new type of market re-
source — the DER aggregation (DERA) — and enhance the opportunities for
ESRs in the provision of bulk grid services via an explicit recognition of their
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diverse capabilities. New York has developed a DER Roadmap that outlines
the transition to DER participation in the provision of bulk grid services [2]
via distributed control actions. The implementation of resource aggregation
strategies serves as a platform to harness DER outputs so that they are pal-
pable to the bulk grid operator. The inclusion of DERs as wholesale market
participants broadens the scope of market competition and provides a diverse
range of options to customers on their source of electricity.
The proper remuneration to DERs is an important issue that needs to be
addressed in the development of these initiatives. Since these resources have
unique characteristics and are diverse in nature, appropriate metering and
compensation mechanisms must be developed to remunerate them for the
value they provide to the bulk electric grid in terms of energy, ancillary and
capacity services, and their contributions to system reliability and emission
reductions. In 2017, the New York Public Service Commission issued an Or-
der that clarifies the valuation of DERs and their appropriate remuneration
as per its proposed “value stack” [15]. The developments in these initiatives
outline the progressive trend of the transition away from the current norm of
DER participation solely in retail programs and toward their inclusion in the
provision of a broader set of bulk electric grid services. The rate structures
for DERs must therefore capture the value they provide to the system, in
order to spur their deployment. We shall discuss these issues in this thesis,
and highlight the opportunities for DERs under the DERA paradigm.
The importance of DERs have been widely discussed in the literature
[16–20]. The benefits they provide, along with the value they provide to
the electric power system transform them into indispensable resources and
drive their penetration in electric grids. The economic and reliability value
provided by dispatchable DERs are of interest because they have diverse
capabilities and may be harnessed to provide fast-responding energy, ancil-
lary and capacity services at competitive prices. Additionally, there have
been several works that provide insights into the scheduling and market par-
ticipation mechanisms of DERs and distribution microgrids [21–24]. These
works comment on the stochastic scheduling of resources in an aggregation
of DERs and microgrids, and provide valuable insights into suitable market
participation mechanisms. However, they do not su ciently address the key
challenges in their implementation, nor do they shed light on the management
and dispatch of a heterogeneous aggregation of widely dispersed resources for
6
the provision of electricity services.
The absence of su cient analysis techniques for the provision of electricity
services by DERAs in the literature limits our understanding of the DERA
paradigm, and it is necessary to investigate the key opportunities and chal-
lenges for the engagement in the provision of multiple electricity services by
DERAs. We shall focus on the key developments under the DERA paradigm
in this thesis. We discuss the transition to the DERA paradigm and present
its salient features. We introduce the new entities and discuss their key roles
and obligations. We present a mathematical model of the DERA and dis-
cuss its salient features and the important ramifications of this new type
of market resource. We develop a conceptual multi-layer framework for the
analysis of DERA integration into bulk power system operations, and discuss
the interactions between the entities. We discuss the key applications of the
proposed framework in the quantification of the DERA performance metrics,
and analyze the multiple layers to assess the value rendered by the DERA
to the transmission system operator. We implement the framework for the
quantification of the interactions between the various entities. We extend the
application of the framework to discuss the nature of the DERA scheduling
operations that are undertaken to derive a suitable dispatch schedule of the
DERA for the provision of bulk electric grid services.
With the removal of barriers that previously hindered DER participation
in the provision of bulk electric grid services, a new set of challenges has
arisen with the implementation of a suitable mechanism for DERAs. For
instance, the issue of economic feasibility for DERs to participate solely in
the wholesale electricity markets needs to be addressed. The limited rev-
enue streams from the bulk electric grid alone does not incentivize their
participation in these services, and may deter the deployment of DERAs as
wholesale electricity market resources. Therefore, to permit the participa-
tion in a diverse set of services, appropriate coordination mechanisms must
be established between the transmission system operator and the distribu-
tion network operator. Real-time conflicts in the dispatch instructions from
these separate entities constitute an important concern, and suitable coordi-
nation/telemetry methodologies are required to facilitate the response of the
DERA in such circumstances. We investigate the key challenges under the
DERA paradigm and present suitable steps toward addressing them.
The remainder of the thesis is organized as follows: in Chapter 2, we
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outline the physical issues in the paradigm shift from independent transmis-
sion and distribution operations to the DERA paradigm. We introduce the
new entities under this paradigm and outline their respective roles. In Chap-
ter 3, we develop our proposed multi–layer framework and discuss its key
applications in the areas of bulk electric grid operations and planning. In
Chapter 4, we present an analysis of the major opportunities and challenges
in the provision of bulk electric grid services by DERAs. We investigate the
key benefits of the provision of multiple bulk grid services by DERAs and
present the results of our simulation studies. In Chapter 5, we summarize
our findings and conclusions, and provide future directions of research that
may be of interest to energy policy analysts and market design initiatives.
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CHAPTER 2
DESCRIPTION OF THE DERA
PARADIGM
The motivation for this chapter is to understand the paradigm shift from
independent transmission and distribution network operations to the DERA
paradigm. We begin this chapter in Section 2.1 with a discussion of the
physical issues that pertain to DER integration into bulk electric grids, and
discuss the key thrusts of the DERA paradigm that address these issues. In
Section 2.2, we discuss the nature and organization of the DERA and discuss
its characteristic features. In particular, we highlight the key benefits of the
heterogeneity and geographical diversity of the DERA in the provision of
both localized and bulk electric grid services under the DERA paradigm.
In Section 2.3, we discuss the various entities and describe their roles in
the harnessing of DERAs in bulk power systems. We analyze the issues of
aggregation, metering requirements and coordination mechanisms between
the various entities. In Section 2.4, we discuss the key ramifications of the
DERA paradigm. Section 2.5 provides a summary of the key insights from
this chapter, and establishes the context for the discussion of the conceptual
development of the DERA framework in Chapter 3.
2.1 Background
The goal to achieve energy independence via sustainable energy policy has
encouraged the deepening penetration of RRs in electric power grids. How-
ever, the unwillingness and inability of transmission grid operators to expand
transmission systems deter the wide-scale deployment and integration of RRs
into bulk electric grids. The long time horizon for transmission planning is
another key issue that discourages the integration of RRs and controllable
resources into transmission grids.
Currently, DERs are largely integrated into distribution networks and
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participate in the provision of electricity services such as net metering and
retail demand response programs. The proliferation of small and dispersed
DERs on the distribution network represents an untapped potential to the in-
dependent grid operator (IGO) for the provision of bulk grid services. These
resources are individually impalpable to the IGO and require a suitable plat-
form to participate in the provision of bulk electric grid services. Therefore,
the notion of resource aggregation is significant for the e↵ective harnessing
of DERs in bulk electric grids. Resource aggregation [25] at the distribution
system level becomes the primary vehicle through which the generation out-
puts from small DERs (RRs, DRRs, and ESRs) become palpable to the IGO.
The availability of multiple DERAs that are heterogeneous and geographi-
cally dispersed aids the IGO to strategically address bulk electric grid needs
and reduce market price volatility during peak demand hours. The DERA
paradigm provides a mechanism to harness DERs directly in the provision
of bulk electric grid services. To avoid any adverse impacts on transmis-
sion congestion and network constraints, suitable limits are imposed on the
geographical boundary and the size of the DERA.
2.2 Description of the DERA
The DERA is an aggregation of dispersed and heterogeneous DERs that are
integrated into the distribution grid. Small DERs that are individually im-
palpable to the IGO may be aggregated at the distribution level to form the
DERA, so that the aggregated output from the DERA becomes significant
in the provision of transmission services. The net power injections from the
DERA are routed1 through the distribution grid to a local substation and
stepped up to the transmission line voltage. The power injections are then
injected into the bulk electric grid at the transmission node(s) of intercon-
nection for the provision of bulk grid services.
At the level of the bulk electric grid, the DERA may be interconnected
with a single transmission node or across multiple transmission nodes in the
bulk electric grid. To avoid any adverse impacts on transmission congestion,
1In our thesis, we assume the existence of the independent distribution system operator
(IDSO). The IDSO is an entity that is analogous to the IGO at the level of the distribution
network, and is responsible for the distribution network operations
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a cap on the size of the DERA is imposed. The DERA is also located within a
IGO-specified geographical boundary so that its dispatch does not exacerbate
congestion or violate tie-line constraints in the bulk electric grid [13].
The DERA is a time-varying resource due to the intermittency of RRs
and the presence of limited energy resources (DRRs, ESRs) in its resource
composition. Consequently, the operational limits and availability of individ-
ual resources in the DERA are time-varying quantities and require constant
monitoring. The DERA is managed by a qualified entity, namely the DERA
operator (DERAO). The presence of a robust telemetry network that mon-
itors and communicates dispatch instructions to each individual resource in
the DERA becomes necessary to aid the scheduling and dispatch operations
of the DERAO. The DERA represents the transition to a distributed control
architecture, which establishes a modality for DERs to provide bulk electric
grid services and localized distribution system services.
The focus of our analysis in this thesis lies in the perspective of the IGO
and we treat the DERA as a single market resource. The DERA may have
multiple nodes of injection into the electric grid, which aids the IGO to ad-
dress bulk electric grid needs in a way that does not exacerbate transmission
congestion. The size, composition and location of the DERA are significant
attributes that characterize its value to the IGO. Planning and investment
decisions in DERAs must therefore be done in tandem with both transmission
and distribution system needs and network constraints so that the dispatch
of the DERA does not conflict with their reliability and network constraints.
To understand the benefits of the geographical diversity of the DERA,
we consider a simple three bus example as shown in Figure 2.1. The system
consists of three sellers (one of which is a DERA) and three buyers. The
DERA is interconnected with node 1 in the system. The seller o↵er curves
and buyer bid curves are shown in Figure 2.2. Solving the transmission
unconstrained market clearing problem, we obtain the market clearing price
at $ 4/MWh and the system cleared demand is 130 MW. The line flows and
cleared quantities for the sellers and buyers and their payments are shown in
Table 2.1.
We denote the transmission line between buses i and j as line i–j. In this
example, the power flow on line 1–2 is 30 MW. Consider a transmission line
flow limit of 25 MW that is imposed on line 1–2; then the nodal prices are
increased to accommodate the e↵ects of congestion rents. Suppose that the
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Figure 2.1: Three bus system example
Figure 2.2: Seller o↵er curves and buyer bid curves for the example
Table 2.1: Results of transmission unconstrained problem
Entity Cleared quantity (MW) Payments($)
S1 60 240
S2 20 80
S3 50 200
B1 50 200
B2 50 200
B3 30 120
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Figure 2.3: Modified three bus system example
Table 2.2: Line flow results in transmission constrained problem
transmission line power flow (MW)
1–2 15 (from bus 1 to bus 2)
2–3 20 (from bus 3 to bus 2)
3–1 0
DERA has injection points at nodes 1 and 2, and the generation distribu-
tion factors (df) at these nodes are 0.25 and 0.75 respectively, as shown in
Figure 2.3. The transmission constrained problem is executed to determine
the cleared quantities. The seller o↵er curves remain the same, except that
the DERAO submits the nodal generation distribution factors as bidding pa-
rameters in the wholesale energy market. The market clearing price, cleared
generation and demand quantities remain the same, except that now, the
line flows are below the imposed limits.
Additionally, because the DERA o↵ers its services at low prices, it clears
the day-ahead market for the specified delivery hour, and the surplus that
the DERA receives is economically feasible, which incentivizes DERA partic-
ipation in competitive wholesale electricity markets. These benefits become
more significant with deepening RR penetrations, as multiple DERAs may
be strategically dispatched to operate as loads during periods of overgener-
ation and o↵er a diverse range of services. The multiple degrees of freedom
that the DERA o↵ers therefore makes it an indispensable resource to the
bulk grid operator.
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The presence of both supply and demand side resources in the DERA
results in the property of resource diversity. We may observe benefits that
arise from the resource diversity of the DERA, since it has the potential to
reduce renewable curtailments and o↵er services such as valley filling and
peak shaving. Since the DERA has both a heterogeneous resource mix and
geographical diversity, it also provides additional degrees of freedom to the
IGO in the maintenance of the supply–demand balance when it participates
as a bulk electric grid resource. Thus, we conclude that the resource diversity
and geographic distribution in the DERA present economic and reliability
benefits to the bulk electric grid.
The individual resources at each sub-aggregation in the DERA may en-
gage in symbiotic interactions, so that the DERA is not limited by the in-
dividual resource intermittencies and operational constraints, and the aggre-
gated output may be used to provide useful services to the bulk electric grid.
The DERA may therefore be abstracted to the notion of a virtual power plant
(VPP) as it consists of a heterogeneous mix of resources that are aggregated
and dispatched by a single operator. We assume that in the general case,
the DERA has n nodes of injection into the transmission grid, and these
injection nodes are contained in the set N .
The DERAO is a key entity in the DERA paradigm that dispatches the
DERA for the provision of bulk electric grid services and qualifies as a market
participant in the bulk electricity markets. We further elaborate on its role
and obligations in the next section.
2.3 Description of the DERAO
The DERAO is a qualified entity that manages the scheduling and dispatch of
the DERA for the provision of bulk power system services. Akin to the load
aggregator (or curtailment service provider) in DRR aggregations, the DE-
RAO is an intermediary entity that monitors and dispatches individual DERs
in the aggregation via a telemetry network. In organized wholesale electric-
ity markets, the DERAO is a qualified market participant and the DERA is
viewed by the IGO as a single market resource. The DERAO submits sealed
bids and o↵ers on behalf of the DERA in the organized wholeale electric-
ity markets. The sealed bids/o↵ers include the generation/load distribution
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factor at each injection node of the DERA, and these o↵er/bid parameters
facilitate the IGO’s market clearing operations. In the CAISO wholesale
markets, the so-called “scheduling coordinators” fulfill the role of the DE-
RAO. The roles and obligations of these scheduling coordinators to the bulk
grid operator, the distribution network operator and the individual resources
in the DERA have to be specified, in order to establish the necessary rules
for the DERA market participation mechanisms. Since the distribution grid
provides the physical embedding environment for the DERA to provide bulk
grid services, The DERAO must enter an agreement with the local distribu-
tion company, and abide by its communication requirements and operational
constraints.
An entity may qualify as a DERAO if it satisfies certain minimum eligi-
bility requirements [13] and is a certified wholesale market participant that
conforms to the requirements of the IGO and fulfills its obligations to the
DERA and the local distribution company. The DERAO must monitor and
adhere to the local distribution system operations, so that the dispatch of
the DERA does not overload the distribution line feeders or violate power
quality standards. The DERAO therefore acts as the coordinating entity to
serve the needs of the IGO in a way that does not violate the distribution
system constraints. The DERAO may employ appropriate business models
(such as third-party developers for DERs) to procure DERs and establish
suitable aggregation strategies. The implementation of the communication
and telemetry network is the next step, and qualifying DERs must not be
registered in retail programs or in participating generator agreements with
the IGO. The DERs at the various facilities must respond well to dispatch
signals. The DERAO maintains the records of the operational limits of all
resources, monitors their activity, submits o↵ers/bids on behalf of the aggre-
gation in the market, and communicates dispatch instructions to the indi-
vidual resources. The DERAO is responsible for ensuring that the dispatch
instructions are suitably met, and submits settlement quality metering data
to the IGO for the remuneration to the DERA.
For the description of the day-ahead energy market (DAM) participation
model, we assume the smallest indecomposable time unit of one hour, as in
the U.S. wholesale electricity markets. The DERAO submits sealed bids and
o↵ers to the IGO on behalf of the constituent DERs wishing to participate
at hour h in the DAM. The DERAO submits sealed o↵ers on behalf of ESRs
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Figure 2.4: Role of the DERAO as a resource coordinator
and RRs that may discharge energy into the grid, and DRRs that o↵er energy
curtailments during peak demand hours. The DERAO also submits sealed
bids for ESRs to charge from the grid and DRRs to engage in energy recovery
during o↵-peak hours. The DERAO monitors via metering infrastructure the
energy consumption of each individual resource in the DERA at granular sub-
hourly periods, and also monitors the net response of the sub-aggregation at
each node i, for i 2N . We assume that the DERA has multiple transmission
injection nodes (given by the set N ) and DER j interconnected with node i
is denoted by rj|i. The total number of resources at node i is denoted by ti.
The DERA is subject to the same metering requirements as other re-
sources for the provision of a given set of bulk grid services. For instance,
the provision of ancillary services requires that the resource communicate its
metering data in real time. The DERAOmonitors and communicates the me-
tering information with the IGO. The DERAO also submits the settlement-
quality metering data to the IGO during the final transaction period for the
trading day to get appropriate remuneration for the services provided by the
DERA. If the metering data indicates that the DERA failed to comply with
the dispatch instructions, then the DERAO may face financial penalties for
any deviation from the specified schedule. Figure 2.4 illustrates the role of
the DERAO as an intermediary entity in the DERA paradigm.
In Section 2.4, we discuss the important ramifications in the DERA
paradigm, and bridge the discussion to the development of the conceptual
framework for the analysis of DERA integration and participation in bulk
electric grids.
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2.4 Important Ramifications of the DERA Paradigm
From the IGO’s perspective, the inclusion of the DERA as a new type of
market resource broadens market competition, provides better price trans-
parency to all players in the market during resource shortage or scarcity
events, and also expands the range of customer choice on their source of elec-
tricity. The associated economic and environmental benefits that arise from
e↵ective DER utilization are also key drivers of this paradigm shift.
The utilization of the DERA as a market resource reduces the IGO’s de-
pendence on polluting fossil-fired units, and has major implications on the
deference of capacity expansion planning as well. If properly planned and
sized, the DERA may be heterogeneous in its resource mix. It may partici-
pate as a wholesome resource and provide generation, demand curtailments,
provide capacity services and ancillary services. The heterogeneity in the
resource composition of the DERA also provides multiple degrees of freedom
to the IGO in the maintenance of the supply–demand balance during peak
hours.
The e↵ective harnessing of DERAs in power system operations may also
reduce the IGO’s dependence on electric power imports and therefore reg-
ulates wholesale electricity prices for all market participants. The inter-
connection of RRs with enabling resources such as DRRs and ESRs in the
DERA may help absorb intermittencies in RR outputs and ensure better
power quality in the electric grid. The DERA paradigm may therefore drive
the deepening penetration of RRs in electric power systems. The DERA
paradigm has important implications on the reduction of renewable energy
curtailments, as the inclusion of DERAs permits their e↵ective utilization
and also helps fulfill environmental goals/policies and state renewable port-
folio standards. Previously, RRs were often curtailed during low-load hours
due to the mismatch of system demand and RR outputs. The absence of
a substantial inventory for electric energy storage thus far has also deterred
the possibility of storing excess energy for use during peak hours. The deep-
ening penetration of DERs in electric power systems may therefore help in
the proper utilization of these resources in power system operations.
The integration of DERAs into the distribution systems enhances the
range of services they may provide, in a way that does not exacerbate trans-
mission congestion. Furthermore, DERs located behind a customer’s meter
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may provide behind-the-meter services, in addition to transmission and dis-
tribution system services. For instance, ESRs interconnected at the transmis-
sion system level may provide transmission services such as voltage support
and regulation services. The ESRs interconnected at the distribution sys-
tem level may provide distribution services such as transmission deferral and
resource adequacy in addition to transmission services. The ESRs which
are connected behind the customer’s meter may provide behind-the-meter
services (such as self-consumption and backup power), in addition to trans-
mission and distribution grid services. The DERA may also be viewed as an
abstraction of a VPP, since the composite resources are heterogeneous. Thus,
DERAs are invaluable to both IGOs and distribution network operators as
they are suitably positioned to address transmission system needs and local
distribution system needs.
The DERA paradigm also paves the way for the entry of distribution
microgrids as wholesale market participants. An aggregation of microgrids
may span multiple transmission nodes, and the constituent microgrids are
monitored and dispatched by a centralized entity analogous to the DERAO.
The hierarchy of information and dispatch control flows closely resemble a
centralized structure. The revisions in the ESR participation mechanism
also attempt to recognize their unique capabilities and provide a platform to
harness ESRs for the provision of multiple services.
2.5 Summary
In this chapter, we discussed the DERA paradigm and described the role
of the DERAO and other entities. We presented some important features
of the DERA and discussed the key ramifications of the DERA paradigm.
The scheduling of the DERA and the discussion of the market participation
mechanism requires an analysis of the DERA and its salient characteristics.
The DERA paradigm also presents new opportunities and challenges, which
require the development of a conceptual construct for the analysis of these
various issues. Having established a fundamental understanding of the key
issues surrounding the DERA paradigm, we proceed to develop a conceptual
framework for the analysis and simulation of issues that pertain to the DERA
paradigm in Chapter 3.
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CHAPTER 3
A CONCEPTUAL FRAMEWORK FOR
THE ANALYSIS OF THE DERA
PARADIGM
In Chapter 2, we discussed the organization of a DERA and the roles of the
di↵erent entities and market players in the DERA paradigm. We develop in
this chapter a conceptual multi-layer framework for the analysis of issues that
pertain to the provision of bulk power system services by DERAs and their
participation in the associated wholesale electricity markets. We implement
the framework as a vehicle to quantify the interactions between the various
entities, and investigate key challenges that pertain to the implementation
of the framework. We start this chapter by developing a representation of
the DERA and outlining its salient features in Section 3.1. We develop our
proposed framework in Section 3.2 and discuss its key applications in the
quantification of various performance metrics of the DERA. We also discuss
the use of the framework in the development of aggregation strategies for DE-
RAs, and as a tool in DER investment decisions by third-party owners and
customers. In Section 3.3, we extend the key insights from our framework to
discuss the role of the DERAO in the scheduling of the DERA for participa-
tion in the wholesale electricity markets. In Section 3.4, we summarize our
key findings in this chapter.
3.1 Mathematical Model of the DERA
The DERA is an aggregation of dispersed resources that are integrated into
the distribution grid which may be interconnected with a single transmission
node or across multiple transmission nodes in the bulk transmission grid.
We consider a general case wherein the DERA spans n distinct transmission
nodes in the bulk electric grid. We denote by N = {1, 2, . . . , n} the set
of all transmission nodes spanned by the DERA. We define the term sub-
aggregation to denote an aggregation of DERs at the nodal level. Therefore,
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a DERA that spans n distinct transmission nodes will have n distinct sub-
aggregations.
Consider the set R which denotes the set of all DERs in the DERA. Let
R = R1 [ R2 [ . . . [ Rn, where Ri denotes the set of DERs in the sub-
aggregation at node i, for i 2 N . Each set Ri may be further defined as:
Ri = {rti |i, 8i 2 N }.
The cardinality of the set Ri is denoted by ti, for i 2 N where each
ti   0. Then, it is evident that
Pn
i=1 ti gives the total number of DERs in
the DERA. Each node i has a sub-aggregation of DERs that is part of the
DERA. There is a distinct subset of DERs at each node i, which we denote
by Ri. We can state that [ni=1Ri = R and \ni=1Ri =  .
The DERA represents the most generic type of DER and it operates in
three distinct phases of operation—net generation, net load and net idle.
We use the prefix “net” to denote the general case where the constituent
resources in the aggregation may engage in di↵erent phases of operation,
which contributes to a net operational phase of the DERA. In the specific case
where n = 1 and t1 = 1, the DERA reduces to a single DER interconnected
at a single transmission node.
The modeling of the DERA is presented to understand its salient features.
For simplicity, we assume that the DERA consists of four types of resources:
wind resources, solar PV resources, DRRs, and ESRs. We denote by ns, nw,
nd, and ne the total number of solar PV generation units, wind generation
units, DRRs and ESRs in the DERA.
We denote by nsi , n
w
i , n
d
i , and n
e
i the number of solar PV units, wind
units, DRRs and ESRs integrated into the transmission injection node i that
is interconnected with the DERA. We denote by r|si the sth solar PV resource
at node i, and denote its rated capacity by c|si . We denote by r|wi the wth
wind resource at node i and denote its rated capacity by c|wi . We denote by
r|di the dth DRR at node i and denote its rated capacity by c|di . We denote
by r|ei the eth ESR at node i and denote its rated capacity by c|ei .
The DERA’s rated capacity is then given by
Pn
i=1
Pnsi
s=1 c|si +
Pnwi
w=1 c|wi +
Pndi
d=1 c|di +
Pnei
e=1 c|ei
 
The DERA has a maximum rated load capacity when all ESRs and DRRs
operate in their load phase. The maximum rated load capacity is given by
20
Pn
i=1
Pndi
d=1 c|di +
Pnei
e=1 c|ei
 
Because of the time-varying nature of the DERA, its operational limits
are monitored at granular intervals via telemetering devices (such as ad-
vanced metering infrastructure) by the DERAO. The DERA is generally an
asymmetric resource with respect to its operational limits at a given instant
of time. Based on the maximum ramp up or ramp down limits that are
imposed on the individual DERs, the maximum instantaneous ramping ca-
pabilities of the DERA may also be determined by the DERAO, which is of
special significance in the provision of capacity-based and ancillary services
in the bulk electricity markets. The presence of fast-responding controllable
resources like DRRs and ESRs also enhances the value of the DERA as per-
ceived by the IGO. Therefore, the DERA paradigm provides a modality to
harness these resources in the provision of services that they previously could
not provide.
Under the general representation of a DERA with multiple DERs ag-
gregated across multiple pricing nodes, causality need not necessarily hold
because of the symbiotic interactions between the constituent resources in
the DERA. Hence, the availability of the DERA need not depend on exter-
nal system factors such as the available generation capacity, system demand
and available transmission line capacity. The feature of nonessential causal-
ity has important implications on the DERA and directly impacts its per-
formance and response capabilities, particularly when the system reliability
is jeopardized. Under the DERA paradigm, an aggregation of distribution
microgrids may be harnessed to provide bulk electric grid services, and it
may not be a↵ected by system externalities. Such an aggregation of micro-
grids may preserve the individual protective mechanisms to enter the islanded
mode of operation if necessary, and still retain the opportunity to participate
in the provision of bulk electric grid services. The DERA can therefore be
abstracted to the VPP concept, as it is a heterogeneous, time-varying, geo-
graphically dispersed resource that provides multiple degrees of freedom in
the maintenance of the supply–demand balance in bulk power systems. The
individual resources in the DERA may engage in di↵erent modes of opera-
tion, while the net e↵ect at each node in the DERA is of interest to the IGO
for the provision of bulk electric grid services.
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Armed with the understanding of the structural organization of the DERA
and its salient features, we now proceed to develop a conceptual framework
for the analysis of issues pertaining to the provision of electricity services
by DERAs in bulk electric grids. The DERA is the heart of our frame-
work and we provide an explicit multi-layer representation and quantify the
interactions between the various entities in our framework.
3.2 Conceptual Framework for the Analysis of the
Provision of Bulk Electric Grid Services by DERAs
In this section, we present the development of a conceptual framework for
the analysis of DERA participation in the provision of bulk electric grid
services. The organizational structure of the DERA results in a large volume
of coordination, exchange of information and dispatch control signals between
the DERA and various entities. The quantification of these interactions
and the identification of unique layers within the framework facilitates the
understanding of issues pertaining to DERA participation and integration
into wholesale electricity market operations.
A key objective in the development of this framework is the necessity
to understand the paradigm shift from independent transmission and distri-
bution grid operations to the DERA-based paradigm. The market design
initiatives toward DERA participation are still in their nascent stages, and
the construction of a representative framework may be useful in the assess-
ment of the interactions between the constituent entities, identification of
unintended consequences and key challenges, and the development of sub-
sequent steps and policies that address them. We include the market layer
representation in our framework to discuss the impacts of DERA participa-
tion on the buyers and sellers.
The major entities in the framework are — the IGO, the DERAO, the
IDSO and the set of all sellers and buyers in the market. The DERA is
located in the physical layer of our framework, where the constituent DERs
inject power into the distribution grid. This injected power is routed by
the IDSO through the distribution grid to a substation that interconnects
the distribution grid to the bulk electric grid, where the power injection is
stepped up to the transmission line voltage for the provision of bulk grid
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Figure 3.1: Interdependence between the various layers in the framework
services.
The four layers in our proposed framework are:
• The environmental layer, which represents the environmental attributes
of harnessing DERs, including reductions in carbon emissions, reduc-
tions in renewable curtailments, and renewable energy certificates;
• The financial layer, which represents the cash flows including payments
from the market buyers, payments to the market sellers and cash flows
from the IGO and DERAO;
• The information, communications and control layer, which represents
the exchange of metering data, dispatch instructions and coordination
between the various entities under the framework; and
• The physical layer, which encompasses the tangible assets under the
framework—including the DERA, the physical communication net-
work, the distribution grid and the bulk electric grid; and the flow
of energy, capacity and ancillary services.
Figure 3.1 describes the relationship between the financial, information,
and physical layers in the proposed framework.
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Figure 3.2: Conceptual framework for the analysis of DERAs as bulk grid
resources
The proposed conceptual framework is illustrated in Figure 3.2. The
framework encompasses the various layers and the entities that were de-
scribed, and represents the competitive electricity market. We describe the
framework in greater detail, and proceed to discuss the key aspects of the
proposed framework.
A convenient starting point for discussion is the physical network layer,
which comprises the physical assets — the DERAs — and the embedding
environment which includes the telemetry network, the distribution grid and
the subsequent substation through which the net power outputs from the
DERA are stepped up via a substation transformer and injected into the
transmission grid. The physical layer also represents the network constraints,
transmission/distribution grid service requirements, and provides a platform
for congestion analysis.
The environmental layer represents the attributes of harnessing DERs
in wholesale electricity markets. These attributes include the carbon emis-
sion reductions, increase in capacity factors of RRs, reduction in renewable
curtailments, and renewable energy certificates. The introduction of a car-
bon tax may also be embedded in this layer to assess the ramifications of
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harnessing DERAs in bulk electric grids.
The financial layer represents the cash flows between the various entities.
This layer represents the cash flows for the IGO for each hour h in the
DAM, the payments to the sellers and the payments from the buyers in
the bulk electric grid (and associated wholesale electricity markets), and
the corresponding payments to(from) each DERAO, subject to each sub-
aggregation in its DERA portfolio being cleared as a source(load) for hour h
in the DAM.
The information, control and communications layer represents the infor-
mation exchange linkages between all the players in the framework. The
telemetry data from each constituent resource in the DERA is relayed to the
DERAO, and is utilized in the determination of optimal DERA schedules for
participation in the wholesale electricity markets. The DERAO coordinates
with the IDSO for the DERA schedule in the day-ahead market participa-
tion in order to ensure that distribution system constraints are not violated,
and to determine if a portion of the DERA output needs to be reserved for
distribution system needs. The scheduling of the DERA is exacerbated by
various uncertainties in RR outputs and individual resource outage rates.
The DERA scheduling depends on both transmission and distribution net-
work constraints; to this end, we discuss the DERA scheduling procedure
in the Section 3.3. The DERAO, along with the other market participants,
submits sealed bids and o↵ers in the wholesale electricity markets. The IGO
performs the market clearing procedure based on the maximization of the so-
cial surplus to obtain the day-ahead schedule of the cleared resources. These
cleared resources are informed of their schedules for the day of delivery, and
the DERAO is responsible for the disaggregated dispatch to ensure that it
delivers the required services to the IGO.
The constructed framework may be used in the assessment of interactions
between the various layers, and in the quantification of various performance
metrics of the DERA. These performance metrics may include the contri-
butions of the DERA toward system reliability indices, system locational
marginal prices (LMPs), and carbon emission reductions. The framework
may also be used as a planning tool DER procurement and deployment
strategies via an economic analysis of feasible business models. The frame-
work may be used as a vehicle to analyze existing challenges that may deter
the wide-scale deployment of DERAs, and carefully assess the various steps
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that are necessary for their integration. The comprehensiveness of the frame-
work may be extended to analyze specific market issues such as the impacts of
the DERA on transmission congestion, market economics, and contributions
to the decarbonization of bulk electric grids.
Another key application of this framework is to understand the DERA
scheduling operations to obtain the tentative day-ahead schedule for the
DERA. The assessment of the information exchange layer in our framework
helps us develop an understanding of the DERA scheduling. We elaborate
on this in the next section.
3.3 Description of the DERA Scheduling Procedure
This section describes the DERA scheduling procedure that is undertaken
by the DERAO to determine the day-ahead schedule for the constituent
resources in the DERA, and obtain the bid/o↵er parameters to participate
in each hour h in the IGO’s day-ahead energy market (DAM). We analyze
the information, communication and controls layer to determine the data
and coordination requirements to perform the scheduling of the DERA. In
the general case, a DERA may have a heterogeneous resource composition
and is therefore a time-varying resource. As the RR generation outputs may
be time-varying, there is a need for the dispatch of controllable resources
such as DRRs and ESRs to smoothen the DERA’s net power injections. The
ESRs and DRRs are deployed mainly to smoothen intermittent RR outputs
and meet the IGO’s needs. We assume that the DERA is utilized primarily
as a bulk system resource. The DERAO therefore focuses on e↵ectively
harnessing DER outputs for bulk electric grid services. The DERA may be
abstracted to the notion of a VPP, and the stochastic day-ahead scheduling
of the DERA may be performed as in microgrids [22].
The DERAO maintains a record of operational limits such as rated capac-
ity, energy capability, temporal constraints and ramping constraints for each
constituent resource in the DERA. There are various uncertainties involved
in the scheduling of the DERA — including RR output forecasts, availabil-
ity of individual resources, and the system demand forecast. The DERAO
employs various day-ahead hourly inputs including the system demand fore-
cast, the regional wind/solar forecasts, the availability of the constituent
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Figure 3.3: Conceptual representation of the DERA scheduling procedure
RRs, DRRs and ESRs for service provision. These inputs may be modeled
as input random processes for the DERA scheduling procedure to obtain the
resource schedules. The DERAO seeks to achieve the maximum harnessing
of the RRs, and their intermittencies are absorbed by a suitable dispatch of
the constituent DRRs and ESRs at each node in the DERA. The main goal
of the DERAO is to minimize the cost of dispatch and production costs of
the DERA in a way that does not exacerbate transmission/distribution net-
work constraints and power quality standards. Therefore, a second stage of
the scheduling operations involves the modification of the obtained schedules
with respect to the distribution grid operations and constraints. The DERAO
coordinates with the IDSO regarding the distribution network constraints,
and revises the schedule for the DERA. The IDSO may also communicate
with the DERAO regarding the distribution system needs, so that the sched-
ule may further be revised in keeping with the needs of the local distribution
network. We provide a conceptual representation of the DERA scheduling
procedure in Figure 3.3.
To participate in the provision of bulk electric grid services, the DERA
has to be appropriately scheduled so that the resources may be harnessed
e↵ectively. In a competitive market, a day-ahead schedule is required so
as to participate in the IGO’s DAM. The DERAO undertakes the twostage
scheduling procedure to obtain the optimal hourly bid/o↵er parameters and
the tentative day-ahead schedules for the constituent resources in the DERA.
These bid/o↵er parameters are submitted to the IGO’s hourly DAM for each
hour h. Any deviations or errors in the day-ahead RR forecasts or system
forecasts that are identified close to the hour h on the day of delivery may be
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incorporated to obtain bid/o↵er parameters for the IGO’s real-time market
(RTM) and a revised schedule for the dispatch of the DERA. The assessment
of the solution sets obtained provides insights into various metrics of interest,
such as the contributions of the DERA to electric grid reliability, economics
and environmental attributes.
3.4 Summary
In this chapter, we discussed the model of a DERA and discussed its salient
features. We developed a conceptual multi-layer framework for the analysis
of the DERA paradigm and discussed its key applications in the quantifi-
cation of interactions between the entities, and as a planning tool in DER
procurement and deployment strategies. We employ the framework to further
investigate the key opportunities and challenges of the DERA paradigm in
Chapter 4. The advent of this new type of market participant is accompanied
by several challenges; we therefore discuss the necessary steps to implement
the various layer of our framework along with insights from illustrative case
studies.
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CHAPTER 4
ASSESSMENT OF THE KEY
CHALLENGES AND OPPORTUNITIES IN
THE DERA PARADIGM
With the removal of market barriers in the transition to the DERA paradigm,
there are several issues that arise from the inclusion of distribution grid re-
sources as bulk grid resources and wholesale market participants. These
issues lead to subsequent challenges in the management of DERA opera-
tions. These challenges require su cient steps to be implemented in order
for the smooth integration of DERAs in bulk electric grids. In this chapter,
we use our proposed framework as a useful tool to investigate the key chal-
lenges and opportunities under the DERA paradigm. In particular, we as-
sess the issue of economic feasibility of DER participation in the provision of
bulk electric grid services, and the issues associated with improper telemetry
methodologies. We also highlight the consequences insu cient coordination
mechanisms among the various entities, and the subsequent impacts on sys-
tem reliability. We explore the key opportunities under the DERA paradigm,
and investigate the implementation of the framework via a discussion of var-
ious case studies from the industry to harness the benefits of DERs in bulk
electric grids.
4.1 Key Challenges in the DERA Paradigm
Given the nature of the DERA paradigm, there are several steps that are
required toward its implementation. The removal of current market and
technology barriers to their inclusion in bulk electric grid services create
a new set of challenges. These resources are integrated into distribution
systems but their services are required in the bulk electric grid, in addition
to the local distribution network. The distribution network is the primary
embedding environment for the harnessing of their outputs, and therefore the
primary step is the establishment of proper coordination mechanisms among
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the bulk grid and local distribution networks. Another key issue pertains to
the economic feasibility for DER owners and third-party developers to invest
in DER projects and participate in the provision of bulk electric grid services.
We discuss these issues in detail with some key insights into the necessary
steps that are required to address them.
4.1.1 Economic feasibility issues
The issue of economic feasibility is an important issue because the initial
investment in DERs requires an assurance of revenue streams for the services
rendered. Currently, many DERs are registered in retail utility programs such
as net metering and utility demand response programs. There is a pressing
need to accelerate the deployment of DERs for the provision of bulk electric
grid services. The transition to the DERA paradigm requires that DERs not
be registered as part of any retail programs, and solely provide bulk electric
grid services.
The requirement to provide only bulk electric grid services might un-
dermine the interest of DER owners and operators from an economic per-
spective, as the participation in a limited subset of services alone would not
make economic sense. Also, the revenue from wholesale electricity markets
(particularly for ancillary services) alone would not be su cient to realize
attractive rates of return on customers’ investment in DERs. In fact, several
entities have filed comments [26,27] that shed light on the economic infeasi-
bility due to the harnessing of DERs for select services, which would deter the
deployment of DERAs for bulk power system services. Third-party business
models would have to be redesigned, and appropriate incentives are required
to overcome these challenges to DERA deployment. To this end, there has
been a call for the inclusion of DERs as participants in both distribution
and bulk electric grid services. This allowance would widen their revenue
streams, and they may be harnessed at di↵erent times for the provision of
services in both these networks. The establishment of suitable coordination
mechanisms among the bulk grid operator and distribution network operator
would facilitate the harnessing of DERAs toward the provision of multiple
services. However, the implementation of such an approach is accompanied
by other challenges that need to be addressed, including the issue of double
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payment and advanced metering methodologies that are required for per-
formance evaluation of the DERA. Appropriate metering methodologies, in
tandem with coordination among the bulk grid and distribution network op-
erators is necessary to avoid these undesirable consequences.
A major point of contention pertains to the consequences of double-
dipping by DERs due to improper telemetry methodologies. If a single RR
is coupled with an embedded controllable resource which is not metered, the
latter may bank the excess energy generated from the RR, and the RR re-
ceives remuneration even though it did not provide services to the electric
grid. Such ine cient metering methodologies must be avoided and smooth
coordination mechanisms must be facilitated in order to properly remunerate
DERs in bulk electricity markets.
4.1.2 Absence of coordination mechanisms among the various
entities
The implementation of coordination mechanisms among the various entities
is necessary to facilitate the dispatch of the DERA for the provision of mul-
tiple services. In this section, we discuss the consequences of a dispatch
instruction to the DERA issued by the bulk grid operator, which causes a
conflict with the local distribution network operations. With the transition
to the DERA paradigm, a major challenge arises from the fact that the bulk
grid and local distribution network needs may not always coincide, and con-
flicts may arise in the dispatch of DERAs. Suppose that a resource in the
DERA is registered as an eligible resource to provide services in both the
local distribution and transmission grids, there may arise an instance where
the DERA may face conflicting dispatch signals from the IGO and the IDSO.
We consider an instance where a DERA receives dispatch instructions
from the IGO to provide load curtailment services; however, the local dis-
tribution feeder voltage is low and the response of the DERA to the IGO’s
instruction would exacerbate the distribution feeder voltage profile. This is-
sue needs to be properly addressed, and is a major concern for the reliable
operation of distribution networks. Many comments have been raised on the
issue of conflicting dispatch instructions, and CAISO proposed in its ESDER
initiative that it would settle the issue as follows – if the DER deviates from
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Figure 4.1: Coordination among the various entities in the DERA
framework
its dispatch instruction to provide services to the distribution system or for
another reason, its deviation will be settled as uninstructed imbalance energy.
Instead of the establishment of a priority among conflicting needs, CAISO
proposes to leave it to the DERAO to decide how to respond in light of the
settlement consequences for deviation from the dispatch instruction.
The issue associated with conflicting instructions may be better addressed
by the introduction of communication protocols for system coordination and
establishment of priority needs between the IDSO and the IGO, so that the
scheduling and dispatch of the DERA may be performed in keeping with the
physical network constraints. The coordination among these entities would
ensure that no network constraints are violated, and system reliability may
be maintained in both the transmission and distribution networks. Figure
4.1 illustrates the coordination requirements that facilitate the integration of
DERAs as wholesale electricity market participants in the DERA paradigm.
This coordinated approach (the importance of which was stressed previously
in the DERA scheduling operations) would not exacerbate any distribution
network constraints during the provision of bulk electric grid services by the
DERA, or conversely, contribute to the reduction in transmission system
reliability due to the provision of distribution services by the DERA. The
coordinated approach enables these entities to suitably accommodate net
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power injections from the DERA, and better meet the bulk grid needs and
distribution grid needs.
4.2 Assessment of the Key Opportunities in the DERA
Paradigm
The spatial and resource diversity of the DERA provide multiple degrees of
freedom to the DERAO in addressing bulk grid needs and local distribution
grid needs. The presence of controllable resources (DRRs and ESRs) aids
in the integration of RRs and reduces renewable curtailments. The exacer-
bated flexibility needs may be suitable addressed by DERAs, thus providing
economic and reliability benefits to the bulk grid operator and all market
participants. The proper planning of the DERA according to the system
needs may also aid DERAOs and other third-party developers to invest in
DER projects, so that the revenue from wholesale market participation is
economically feasible and defrays the return on their investments.
The transition to the DERA paradigm enables aggregations of distribution-
connected microgrids to participate in the provision of local distribution and
bulk electric grid services. A single microgrid may qualify as a DERA pro-
vided it meets the minimum requirements of size and telemetry networks,
and the microgrid operator may qualify as the DERAO to schedule and dis-
patch the DERA to provide bulk electric grid services and/or participate in
the associated wholesale electricity markets.
The economies of scale and scope [25] play an important role in the de-
termination of suitable business models for DER aggregation strategies and
wholesale market participation methodologies. For instance, the CAISO es-
tablishes a resource size cap of 20 MW for a DERA, which may necessitate
the creation of multiple DERAs and corresponding DERAOs within a small
geographical region. This in turn would exacerbate communication network
complexity and the amount of data exchange via telemetry would be ac-
companied by a new series of problems. In order to avoid this situation, we
investigate the impacts of the economies of scale and scope for DERAs. These
concepts comprise the fundamental value of aggregation, and are useful in
the evolution of suitable business models for the same. The procurement of
DERs for the resource mix in the DERA, and the establishment of a robust
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telemetry and communication network would require both fixed costs and
variable operation and maintenance costs. The economies of scale dictates
that these costs could be reduced if the size limitation on the DERA could
be relaxed, or widely dispersed sub-aggregations could register as a single
DERA via a decentralized control architecture. Because the initial invest-
ment and fixed costs in the formation of a DERA may be quite high, the
average cost of service provision may be higher than the marginal cost of
service provision, which highlights the value of proper aggregation strategies
in the DERA paradigm. Also, the presence of common technologies, acquisi-
tion and communication costs, and similar participation models for resources
in the DERA allow DERAOs to appropriately size and structure the DERA
to create value in the bulk electric grid through economies of scope.
The economies of scope arises from opportunities to provide a diverse set
of services via a common platform, access to similar channels and common
acquisition costs. The concept of the DERA embodies the economies of scope,
as a heterogeneous mix of resources are procured by a single DERAO and may
be harnessed to provide a diverse set of services to the local distribution grid
and the bulk electric grid. The DERAO may harness the DERA to provide a
diverse set of services, therefore bundling multiple services that are provided
by a single market resource. Such a business model is more preferable than
multiple DERAOs that harness homogeneous DER aggregations (such as
DRRs) to provide select electricity services. Thus, the economies of scale
and scope transform the DERA into a vital market resource, with unique
attributes. The DERA procurement/operation mechanisms may be suitably
chosen to extract maximum benefits, and reduce the associated costs and
organizational complexities.
4.3 Framework Implementation via Case Studies
In this section, we discuss the implementation of the proposed framework
via an assessment of various case studies. We highlight the key thrusts of
these developments, discuss the key findings, and analyze the benefits of their
implementation for the integration of DERAs in the provision of electricity
services.
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4.3.1 Environmental layer implementation
The environmental attributes of harnessing DERs is an important driver
of their deepening penetration; therefore, environmental policy and DER
subsidies directly impacts the deployment of DERAs in electric grids. In
this regard, the U.S. Interagency Working Group, the U.S. Environmental
Protection Agency, and many other environmental working groups have made
e↵orts to develop a value that captures the social cost of carbon. These
computations are based on the environmental attributes from avoided carbon
emissions in order to better value clean energy resources. The enactment of
legislation to award renewable energy certificates for eligible RR projects, and
the presence of tax subsidies for RRs and other eligible resources (including
ESRs) is also a key driver in their deployment for the provision of electric
grid services.
The development of suitable metrics to evaluate the environmental at-
tributes of harnessing DERs encourage federal and state subsidies and re-
bate programs to spur their deployment, and also aid in the development
of suitable business models for third-party developers and investments in
DERs. For instance, the deployment of electric vehicles (EVs) is widely
promoted by their emissions reduction index. The development of suitable
environmental impact quantification metrics and appropriate financial remu-
neration methodologies would better capture the total value of DERs, and
help create viable revenue streams.
In the case of Xcel Energy’s Panasonic project in Colorado, there is a 1.3
MW AC solar PV system, and a 1 MW / 2 MWh battery storage system.
The goal of the project is to assess how energy storage systems aid in the in-
tegration of deepening solar PV penetrations, and to test the battery storage
system as a microgrid to provide backup to Panasonic Enterprise Solutions
Company in the event of a grid outage. The project will cost approximately
$10.3 million, and it is possible to o↵set these costs through the sale of car-
bon credits. If we assume one full cycle of charging and discharging per day
for the system, then we estimate that the maximum amount of solar energy
that is prevented from spillage is around 591.3 MWh annually. The carbon
intensity of the resource mix in Colorado is assumed to be around 216.33
kg CO2 / MWh, which results in an emissions reduction of 127.91 metric
tons of CO2. If we take into account the social cost of carbon of $11–$56/
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metric ton of CO2 as defined by the U.S. interagency working group [28], we
obtain an annual revenue of $1,407.01–$7,162.96 solely from carbon credits
in this project. Thus, the implementation of the environmental layer via
carbon credits and other subsidies could prove to be financially viable and
encourage third-party developers to invest in DER projects.
4.3.2 Financial layer implementation
The implementation of the financial layer is crucial because of its direct
impact on the deployment of DERs in electric power grids. The availability
of federal, state and utility tax subsidies, incentives and rate structures, along
with the decreasing costs of DERs may together spur their deployment and
encourage customer investments and the development of business models for
third-party owners and developers. The implementation of federal and state
subsidies, such as the self-generation incentive program (SGIP) in California,
could further encourage RR and ESR deployment.
We discuss the implementation of the financial layer via an analysis of
a case study of a residential time-of-use (ToU) rate structure in the Hawai-
ian Electric Company (HECO) to encourage investments by their residential
customers in solar PV and home battery energy storage systems (BESS). We
then proceed to discuss the key aspects of economic valuation of DERs as
laid out by the New York Public Service Commission. These case studies
serve to illustrate the ideas behind the implementation of the financial layer
from the perspectives of the utility and the bulk electric grid.
HECO developed a residential ToU rate structure that is described in
Table 4.1 (all rates as of October 2016). The ToU rate structure is aimed
at increasing the self-consumption of residential solar PV generation. The
utility seeks to remove its net electricity metering program, grandfathering
only its current customers in the program. The design of the ToU rates
encourages customers to enroll in its customer “self-supply” tari↵ option,
where customers are encouraged to install solar PV panels and home battery
storage systems to consume electricity generated from the solar PV panels,
and reduce consumption from the grid during high price hours. Table 4.1
depicts the ToU rate structure in the various islands, and we perform a simple
financial return on investment calculations for a 1 kW solar PV system and
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Table 4.1: HECO’s proposed ToU rate structure
Region
Flat rate (¢/kWh) ToU rates (¢/kWh)
24 hours 9 am–5 pm 5 pm–10 pm 10 pm–9 am
Oahu 24.1 14.9 37.3 23.7
Big Island 29.7 9.7 49.2 34.3
Maui 26.9 13.7 39 32.5
Lanai 31.6 24.4 38.6 34.6
Molokai 29.6 19.8 37.6 33.2
a 5 kW / 13.5 kWh Tesla Powerwall 2. We assume that the battery only
provides behind-the-meter services to allow customers to self-consume the
on-site generated solar power and o↵set their electricity consumption from
the electric grid.
As we can infer from Figure 4.2, the return on investment for the Tesla
Powerwall 2 unit is achieved earlier than that for both the solar PV system
and the Tesla Powerwall 2 unit in Oahu, Big Island and Maui. However, this
is not the case in Lanai and Molokai, because their electricity rates are much
higher, which makes it comparatively more expensive to own and operate a
residential BESS alone. In this case, an investment on a solar PV system and
the Tesla Powerwall 2 unit is viable. Under the flat rate structure, the return
on investment for each of these investments would take anywhere between
20 and 30 years, which is infeasible, given that the expected useful life of
these resources is less than 20 years. The implementation of the ToU rates
therefore incentivizes residential customers to move away from the traditional
NEM programs and adopt a self-consumption ideology. We infer that the
innovative design of electricity rates could drive the deployment of DERs,
and spur their engagement in the provision of behind-the-meter, distribution
and transmission services.
An important issue in the valuation process for DERs is that the total
value they bring to the system is often overlooked in their remuneration,
which undermines their importance in the electric grid. The unique charac-
teristics of DERs require appropriate recognition and suitable market par-
ticipation methodologies must be developed to permit their engagement in
a diverse set of services, so that their full potential is realized. To this end,
the New York Public Service Commission recently recommended a transi-
tion from the traditional net energy metering to a remuneration scheme that
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Figure 4.2: Impact of HECO’s residential ToU rates on breakeven periods
for investments in DERs
captures the total value provided by DERs at granular subperiods. This re-
muneration scheme, termed as “value stack” [15], rewards DERs on the basis
of the following components:
• energy value, based on the day-ahead zonal LMP;
• capacity value, based on the retail capacity rates and capacity tag for
dispatchable resources;
• environmental value, based on the higher value between the most re-
cent clean energy standard tier 1 renewable energy certificate (REC)
procurement price provided by the New York State Energy Research
and Development Authority and the social cost of carbon; and
• demand reduction value and locational system relief value, based on
the load serving entity’s marginal cost of service studies, performance
of dispatchable resources during peak load hours and other tests.
The various components of the proposed financial remuneration scheme
encourage DER investment decisions by customers and third-party develop-
ers. The traditional net energy metering tari↵, based on a volumetric rate
structure, fails to provide a complete picture of the full value and costs of
DERs. The location of DERs is an important consideration so as to maximize
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the system benefits they may provide. The inclusion of locational system re-
lief value therefore encourages the proper planning and siting of DERs to
strategically address local distribution and transmission system needs.
Another important issue in the implementation of the financial layer of
our framework pertains to the development of business models for DER ag-
gregation strategies. The analysis of various DER third-party ownership and
leasing models via test projects, such as in Alectra Utilities in Canada [29],
could provide valuable insights into the evolution of business models for
DERA procurement strategies and DERAO operations. The co-optimization
of the assets in a DERA to maximize on-site customer benefits and provide
useful grid services to the distribution network and the bulk electric grid may
also help in the realization of the VPP concept.
4.3.3 Information, control and communications layer
implementation
The implementation of a communication and telemetry network is important
for the facilitation of DERA participation in the provision of electricity ser-
vices via control mechanisms. As discussed in the conceptual framework, the
interactions between entities are facilitated by the information layer, and it
should be appropriately implemented to enable the harnessing of DERs for
the provision of energy, ancillary and capacity services in bulk power grids at
competitive prices. The developments in advanced communication technolo-
gies and cloud computing have quickly captured the interest in the electric
power industry, and various projects and web-based applications are sought
in this regard. Utilities and regional bulk power grids utilize the technology
services o↵ered by various DER vendors to harness DER projects to meet
local distribution and bulk power grid needs. The DERAO requires proper
and robust telemetry devices to monitor and dispatch its aggregation, and
interact with the IDSO and IGO for coordinated scheduling and dispatch.
The harnessing of the DERA for the provision of bulk electric grid services
requires a robust metering network and control devices. As the information
layer represents a crucial part of our framework, we discuss its implementa-
tion in this section.
The major features of a robust information layer are listed as follows:
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• low latency: the communication network must ensure that all dispatch
instructions, meter readings, and coordination signals travel at very
high speeds to ensure that the response from the DERA is instanta-
neous, so that their value to the system is not undermined.
• small granularity of meter readings: the granularity of the meter read-
ings and communication to the DERAO must happen at sub-hourly
intervals to open up new opportunities for the DERA to compete in
the provision of fast ramping and other ancillary services. The dis-
patchable resources in the DERA comprise a useful group of resources
that are physically and economically suitable for the provision of such
services.
• economic viability: given the structural complexity and geographically
dispersed nature of the DERA, a large telemetry and communication
network is required to facilitate its participation in electricity markets.
The economies of scale and scope play an important role in choosing
suitable business models for aggregation strategies, and appropriately
ensure that the procurement of the DERA and the implementation of
its communication devices are economically feasible.
• resilience: a large proportion of the information layer assets is com-
posed of tangible, physical assets which are subject to environmental
disturbances and appliance degradation. The network’s resilience to
such e↵ects must be maintained, to ensure the robustness of the com-
munication network.
• cybersecurity aspects: the exchange of sensitive information and pri-
vate data along communication channels present a risk as they are
subject to intrusion and hacking from foreign entities. Such intrusions
may also jeopardize the system security and reliability, and it is there-
fore crucial to implement measures to maintain cybersecurity during
sensitive information exchanges.
The use of smart devices and advanced communication technology at res-
idential, commercial and industrial facilities may create VPPs, which may
be e↵ectively harnessed for behind-the-meter applications, local distribution
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services, and bulk grid services. Many DER vendors, such as Swell in Cali-
fornia, have o↵ered residential BESS units with software systems that con-
trol their charge and discharge periods, so that they can defer electricity
consumption from the grid during peak load hours. The lack of revenue
streams for residential storage projects deter financial investors from back-
ing such projects. However, the provision for DERAs to participate in bulk
electricity markets opens new revenue streams and enhances the financial vi-
ability of these projects. OhmConnect and EnerNOC are examples of DRR
vendors who provide control and communication devices for residential cus-
tomer loads to enable the harnessing of the DRRs to provide energy, capacity
and frequency regulation services in the PJM and CAISO wholesale electric-
ity markets. These vendors use fast-responding load switches, coupled with
advanced home energy management systems to monitor and control DERs
to provide electricity services. The use of advanced metering infrastruc-
ture in tandem with wireless technologies (such as Zigbee transmitters and
receivers), may be best suited for the implementation of short-range com-
munication and telemetry networks for DERs. The advancements in these
technologies and their excellent performance capabilities create good oppor-
tunities for the implementation of a robust and fast information exchange
network. The communication of various metering information and informa-
tion regarding the status of various types of DERs may be transmitted via
appropriate networks and protocols.
4.4 Summary
In this chapter, we discussed the key challenges and opportunities in the
DERA paradigm, and presented suitable measures for the implementation
of our proposed conceptual framework. The applications of the framework
may be suitably extended to analyze important market issues and investigate
the key challenges that deter the harnessing of DERAs in electricity markets.
We discussed the necessary steps toward the implementation of our proposed
framework in order to facilitate the procurement, management and dispatch
of the DERA and render it a competitive resource in wholesale electricity
markets.
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CHAPTER 5
CONCLUSION
In this chapter, we discuss the key findings and summarize our discussion in
this thesis, and identify areas of future work.
5.1 Summary
We provided an overview of the main drivers of the deepening DER pene-
trations in electric power grids, and discussed the key thrusts of electricity
services provision by DERAs in bulk electric grids and DERA participation
in the associated wholesale electricity markets. We provided a mathematical
model of the DERA and discussed its salient features and the benefits that
it presents to the electric grid. The e↵ective harnessing of DERAs may aid
IGOs in the provision of transmission system services, reap the associated
benefits and reduce greenhouse gas emissions. The structural organization
of the DERA establishes synergism among the constituent heterogeneous
resources and transforms the DERA into an important market resource.
We proceeded to develop a conceptual framework for the analysis of issues
that pertain to the provision of bulk electric grid services by DERAs and their
participation in wholesale electricity markets. The conceptual framework
is comprehensive as it includes multiple layers and describes in detail the
nature of interactions between the various entities involved. The proposed
framework may be used as a vehicle to analyze the harnessing of DERs for the
provision of bulk power system services, quantify performance metrics of the
DERA, and assess the necessary steps for the implementation of the DERA
participation mechanism. We discuss the key uncertainties involved in the
scheduling of the DERA. The framework serves as a vehicle to discuss the
scheduling aspects of the DERA for participation in the wholesale electricity
market, and discuss the key issues involved in the same. Additionally, the
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framework serves as a planning tool to analyze the economic feasibility of
DERA procurement and management for the DERAO, and as a tool to assess
the feasibility of investment decisions in DERs by third-party developers.
We quantified the economic benefits in the day-ahead market via the
results of energy services provision by a DER aggregation in the IEEE 30
bus system. The ability of DERs to economically engage in the provision of
critical grid services and the multiple degrees of freedom they o↵er to the
grid operator are important attributes that would make them indispensable
resources in the future. We also discussed the implementation of the various
layers in the framework via illustrative case studies and numerical results.
These examples serve to illustrate the various developments that are revolu-
tionizing the electric power industry and driving the transition from exclusive
transmission and distribution network operations to the DERA paradigm.
5.2 Future Work
Given that the implementation of the DERA paradigm is in the beginning
stages, there are numerous research areas that are of interest. The analy-
sis of specific characteristics of the DERA, such as synergism between the
constituent resources, and analysis of the key impacts of the same. The key
issues involved in the adoption of DERAs as fast-responding resources for
the provision of ancillary services is another important research area. The
appropriate planning decisions in DERs for the provision of specific services
could help defer capacity expansion investments, reduce the dependence on
expensive power imports and aid in the decarbonization of the bulk electric
grid. The quantification of these benefits in bulk electric grids would also
provide valuable insights into the economic feasibility of such projects. A
few challenges to the implementation of the DERA paradigm persist; these
obstacles must be overcome to avoid any unintended consequences. We dis-
cussed in this thesis some of the key challenges and highlight important steps
that are necessary to address them facilitate the transition to a distributed
energy future. Some of the challenges are yet to be addressed, as we develop
a deeper understanding of the issues. These issues are of interest to energy
policy analysts, market design initiatives and DER business developers.
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APPENDIX A
KEY THRUSTS OF THE FERC DECISIONS
ON DERA PARTICIPATION AND ESR
TARIFFS IN WHOLESALE MARKETS
In June 2016, FERC approved the CAISO “DER provider” mechanism in
its Order under FERC Docket No. ER16-1085-000. Subsequently, FERC
also approved the ESR tari↵ revisions in CAISO’s ESDER initiative under
FERC Docket No. ER16-1735-000. Hereafter, we refer to the FERC Order
on DERA participation in organized wholesale markets as the FERC DERA
decision, and the and the FERC decision on ESR tari↵ revisions as the FERC
ESR decision.
The main objectives of the two FERC decisions are listed below.
• The FERC DERA framework seeks to enable aggregations of small
DERs to participate in the wholesale markets and remove barriers that
previously hindered their participation; this framework seeks to achieve
the e↵ective utilization of DERs in bulk power systems.
• The FERC ESR decision aims to modify the treatment of ESRs in
the wholesale electricity markets by an appropriate recognition of their
diverse capabilities and harnesses their ability to engage in the provision
of multiple services.
The FERC DERA decision is a first major step toward the establishment
of a mechanism through which DERs may participate in the U.S. wholesale
electricity markets. The promulgation of this decision indicates the growing
importance of DER integration in wholesale market operations for the real-
ization of their associated economic and environmental benefits. The FERC
ESR decision is an important milestone toward the e↵ective harnessing of
ESRs and encourages their deployment in the provision of bulk electric grid
services; the creation of new revenue streams for ESRs also defrays the re-
turns on their investments.
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A.1 Key Thrusts of the FERC DERA Framework
The FERC DERA framework enables an aggregation of small DERs (ESRs,
DRRs, EVs and renewables) to participate directly in its wholesale markets.
This framework creates a new type of market participant in form of the
DERA. Since the DERA may consist of homogeneous or heterogeneous re-
sources, it must be continually metered by the DERA operator. The DERA
is treated as a single market resource by the IGO. Each DERA may have a
minimum size of 0.5 MW and may not exceed 20 MW, so as to avoid any
adverse impacts on transmission congestion. In addition, DERs that cur-
rently participate in a retail program (such as net metering for rooftop solar
PV systems) may not register as part of a DERA to avoid the possibility
of double-dipping, and DERs that are currently registered as participating
generators in the CAISO markets may not register as part of a DERA.
The constituent resources in the DERA are subject to the same metering
requirements as other conventional resources for the provision of the same
services. For instance, the provision of ancillary services by a DERA requires
the communication of sub-hourly granular metering information in real time.
The constituent resources in a DERA are not visible to the system oper-
ator, and are monitored and managed by the DERA operator (DERAO). In
the CAISO wholesale electricity markets, the scheduling coordinator serves
the purpose of the DERAO. The DERA framework requires that a DER
register as its own DERAO, or small DERs at the distribution system level
must be aggregated by an DERAO. Hence, a third-party owner or developer
who invests in the deployment of DERs in a DERA may choose to become
an DERAO, subject to the required certifications prescribed by the IGO and
the North American Electric Reliability Council (NERC).
To avoid transmission congestion exacerbation, the DERA must be con-
tained within a specified geographical boundary in the bulk electric grid
footprint, and this boundary is defined by the CAISO as the sub-load ag-
gregation points (LAPs). A DERA may extend across multiple transmission
injection nodes within the same sub-LAP. The containment of the DERA
strictly within these boundaries ensures that the dispatch of the resources lo-
cated at the nodes on opposite sides of a sub-LAP does not have any adverse
impacts on transmission congestion. The resource size cap on the DERA
is also fixed at 20 MW by CAISO; this cap ensures that the DERA does
45
not have negative impacts on congestion and on LMPs at non–participating
nodes.
The DERAO acts as an intermediary entity between the DERA and the
system operator; it participates on behalf of the DERA, disaggregates the
dispatch instructions issued by the system operator and communicates these
instructions with the DERA. The DERAO is responsible for the dispatch
of the DERA and monitors the response at each node to ensure compliance
with the dispatch instructions. It also maintains metering information of the
constituent resources, and handles the financial transactions in the market.
The remuneration to the DERA that extends across multiple pricing nodes is
computed by the weighted average value of the corresponding nodal LMPs,
and the DERAO is responsible for the settlement of the revenue to the DER
owners in its aggregation. The final revenue settlement for the provision
of services to the wholesale markets occurs when the DERAO submits the
settlement quality meter data (SQMD) to the IGO. If the SQMD indicates
any deviations from the IGO–issued dispatch instructions, the DERAO is
penalized for the same in the form of uninstructed energy imbalance charges.
A.2 Key Thrusts of the FERC ESR Decision
Supported by the environmental drivers and other state regulatory mandates
in California, there are numerous opportunities for ESRs in the provision of
bulk power system services to realize economic and environmental benefits.
To this end, CAISO developed the ESDER initiative in 2016, which includes
revisions to its so-called “non-generator resource” (NGR) model for storage
participation, and modification of ESR tari↵s to better evaluate their perfor-
mance. These revisions facilitate the harnessing of the multiple phases of ESR
operation and compensate ESRs for the provision of multiple bulk electric
grid services. The decision addresses the general issue in the U.S. wholesale
electricity markets, where ESRs are often relegated to the provision of either
supply-side or demand-side services. The revisions in the CAISO mechanism
for energy storage participation represent major reforms in the treatment of
ESRs to facilitate their on-par treatment with the supply-side resources and
demand-side resources, as ESRs may serve the functionalities of both.
In the CAISO markets, ESRs participate under the NGR model in both
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the day-ahead markets (DAMs) and real-time markets (RTMs). In the DAM,
CAISO assumes that the initial state of charge (s.o.c.) of an ESR on a
specified trading day is equal to its last recorded value in the DAM. If the
ESR did not participate or clear the DAM for the specified trading day, then
CAISO speculates that the ESR’s initial s.o.c. on the trading day is 50%
of its maximum value. These assumptions may not accurately reflect the
availability of the ESR, and consequently, the actual market conditions may
not be transparent to the market participants.
Under the ESDER tari↵ revisions for energy storage, CAISO proposes to
allow the DERAO to include the s.o.c. of ESRs as a bid (o↵er) parameter
in its DAM for charging (discharging) from (to) the bulk electric grid. Also,
ESR owners/operators are permitted to self-manage their s.o.c., and there are
associated updates to the metering requirements for ESRs as developed by
the North American Energy Standards Board (NAESB). These revisions are
beneficial to ESRs as they allow operational flexibility. The tari↵ revisions
enhance resource visibility to the DERAO via proper telemetry during the
market operations, so that the revised ESR participation model may now
provide better price transparency in the market.
These landmark decisions by FERC are harbingers to similar initiatives
that may arise in other global wholesale electricity markets in the future, as
the electric power system transitions toward a distributed energy resource
future that is rapidly gaining momentum. In November 2016, FERC also
issued a notice of proposed rulemaking [26] to extend the FERC DERA
framework to all U.S. ISO/RTOs, and allow them to make their individual
adjustments to the same. These regulatory developments represent a major
push in the deepening penetration of DERs that was unprecedented and
welcomed by various environmental groups and the DER industry.
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APPENDIX B
RESULTS OF SIMULATION STUDIES ON
THE IEEE 30 BUS SYSTEM
To discuss the impacts of the DERA on the economics of the organized day-
ahead energy markets, a day-ahead market simulation study is performed
on a 24 hour period for the IEEE 30 bus system [30, 31]. The test system
is shown in Figure B.1. The system consists of six sellers and there are 21
load buses. The sellers (S1–S6) are located at buses 1, 2, 13, 22, 23 and
27, respectively. The seller o↵er details are constructed for each hour in the
day-ahead market, and the buyers in our system are assumed to have a high
willingness to buy. We provide the sellers’ o↵er details for hour 16 in Table
B.1. We also provide the 24 hour load profile in Table B.2. We run a day-
ahead market clearing simulation using the transmission-constrained optimal
power flow (OPF) procedure and obtain the hourly system average LMP and
production costs in this scenario, termed as the base case.
For the test case, a 20 MW DERA is interconnected at node 8 in the
system. The DERA consists of a 6 MW solar PV farm, a 5 MW wind farm,
a 4 MW aggregation of DRRs and a 5 MW/20MWh energy storage plant.
The construction of hourly day-ahead o↵ers for the DERA is based on the
availability of DER outputs, and the DERA’s hourly o↵er data is shown
in Table B.3. The day-ahead market simulation procedure is repeated and
note the reduction in the system’s total hourly production costs, and the
corresponding changes in the system average LMP.
Table B.1: Seller o↵er data for hour 16 in the DAM
Seller Block 1 (MW) O↵er ($/MWh) Block 2 (MW) O↵er ($/MWh)
S1 60 31.24 20 35.85
S2 60 52.95 20 56.38
S3 40 42.11 10 42.63
S4 40 42.11 15 42.63
S5 20 58.09 10 60
S6 20 61.9 20 66.06
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Table B.2: System total load profile
Hour Total load (MW)
1 189.83
2 183.40
3 185.09
4 189.12
5 190.84
6 202.91
7 228.15
8 246.74
9 253.23
10 256.90
11 259.10
12 259.63
13 257.65
14 258.30
15 257.34
16 257.48
17 259.59
18 263.53
19 265.13
20 267.16
21 259.59
22 247.03
23 229.75
24 212.37
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Table B.3: DERA’s o↵er data in the DAM
Hour Block 1 (MW) O↵er ($/MWh) Block 2 (MW) O↵er ($/MWh)
1 4 28.6 1 31.2
2 4 29.5 1 30.8
3 3 30.4 1 31.4
4 2.5 30.6 1 31.4
5 2 30.2 1 32.3
6 2 31.7 1 33.4
7 2.5 32.8 1.5 34.6
8 3 33.2 2 36.4
9 5 35.6 2 38.4
10 7 34.6 3 35.6
11 7 32.4 3 36.2
12 6 31.5 3 34.1
13 6 30.4 2 33.2
14 5 .5 31.2 2.5 34.4
15 6 32.5 2 36.5
16 5 34.5 2 41.6
17 6 34.5 3 42.1
18 7 34.5 3 42.3
19 6 33.6 2 41.6
20 4 32.45 1.5 40.6
21 3 31.5 1.5 38.6
22 3 30 1 34.6
23 3.5 29.5 1 31.6
24 3.5 28 1 30.5
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Figure B.1: Single line diagram of the IEEE 30 bus system
The 20 MW DERA is integrated into node 8 in the system and has a
time-varying two-block o↵er for each hour in the day-ahead market. We run
the transmission-constrained OPF and assess the nodal LMPs. We com-
pute the system average LMP, based on the weighted nodal LMPs across all
nodes. We infer that the presence of the DERA, which o↵ers its services
at low prices, clears the day-ahead hourly schedule, and also brings down
the total system production costs as compared to the base case. Figure B.2
shows the variation of the system average LMP in the base case (no DERA)
and the test case (with the DERA at node 8). We indicate the hourly pro-
duction costs in Figure B.3. With the presence of multiple DERAs at or
adjacent to the congested nodes, similar economic benefits are obtained in
the market environment, and the producer surplus that the DERA receives
is an economic incentive to encourage its participation in the provision of
energy, capacity and ancillary services in the bulk electric grid.
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Figure B.2: System average LMP in the base case and with the DERA
Figure B.3: Total hourly system production costs in the base case and with
the DERA
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